Cancer is ranked the second most common cause of death, only after cardiovascular diseases. Hepatocellular carcinoma or hepatic/liver cancer is the sixth most widespread cancer and the third leading cause of cancer-associated deaths[@b1]. In the year 2016, in the USA alone, new cases and deaths due to liver/intrahepatic bile duct cancer were found to be 39230 (incidence) and 27170 (mortality)[@b2]. Several research efforts have been made to deal with liver cancer, which include the area of metal-based drugs for cancer chemotherapy. The field of metallodrugs came to be recognized after the foundation laid by the serendipitous discovery of cisplatin (cis-diamminedichloroplatinum(II)). Cisplatin exhibited wide applications as a chemotherapeutic agent, but it has also been found to produce severe side effects[@b3][@b4][@b5][@b6][@b7][@b8][@b9]. Since then there has been a hectic search for better metal-based cancer chemotherapeutic drugs. The unique properties of metal ions can be taken to advantage in the designing of new potential anticancer drugs with different mechanisms of action for targeting various cancer cells[@b10][@b11][@b12][@b13]. Various metal complexes capable of binding efficiently to and cleave DNA under physiological environment are regarded as potential chemotherapeutic agents[@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21]. In this regard, copper has attracted significant interest, since it plays key roles in biochemical processes such as nitrite reductase[@b22], amine oxidases[@b23], superoxide dismutase[@b24], catechol oxidase[@b25] and tyrosinase[@b26]. Copper(II) complexes have been intensily studied[@b10][@b27] whereas the potential of Cu(I) complexes has been scarcely tested as antimicrobial[@b28], antiviral[@b29], antifungal[@b30] and anticancer drugs[@b17][@b31][@b32][@b33][@b34]. Mostly, coordination compounds having S-/N-donor and/or phosphine ligands are highly suitable candidates for clinical investigation, given their proven cytotoxicity on cancer cells and high stability in aqueous solution[@b35]. Most likely, Cu(II) complexes exhibit enzyme inhibition properties[@b36], which lead to the death of the cancer cells. Copper(I) compounds mainly containing N/S-donor ligands have been reported during the past several years[@b10][@b27][@b37]. In fact, due to the binding properties of pyrazoles, triazoles, imidazoles, oxazoles, thiadiazoles and thiazoles towards biomolecules makes the Cu(I) complexes, promising entities for pharmaceutical applications as chemotherapeutic agents. Copper(I) complexes have also been reported to act as enzyme inhibitors, particularly the topoisomerases, topo I and topo II, and multi-protein proteasomes which lead to death of cancer cells[@b38][@b39].

The first phosphine metal complex in clinical use was auranofin (a tetraacetylthioglucose derivative of triethylphosphine gold(I)) introduced to treat rheumatoid arthritis[@b40][@b41]. Numerous studies revealed the potential of auranofin to act as potent cytotoxic agent *in vitro* and *in vivo*[@b42][@b43]. These findings prompted several investigations to focus on the anticancer properties and other biological activities of various metal phosphine complexes. Bis(pyrazolyl)alkanes are a class of ligands endowed with N, N copper-coordinating abilities and, thus, provide flattened tetrahedral metal geometry. A series of Cu(I) mixed-complexes containing sodium bis(1,2,4-triazol-1-yl)acetate or sodium bis(3,5-dimethyl-pyrazol-1-yl)acetate ligands, and phosphine co-ligands were tested for their cytotoxic potential against a panel of human carcinoma cell lines[@b10][@b27][@b44]. In the light of our group's experience in this field and the particular interest for scorpionate ligands and their complexes[@b45][@b46][@b47], we have herein synthesized two ligands 4-carboxyphenyl)bis(3,5-dimethylpyrazolyl)methane (L~A~) and 3-carboxyphenyl) --bis(3,5-dimethylpyrazolyl)methane (L~B~) reported earlier by Carrano *et al*.[@b48][@b49].

Thus, we have designed and synthesized two new copper(I) complexes **1** and **2** by interaction of bis(3,5-dimethylpyrazolyl)-derived scorpionate ligands L~A~ and L~B~ with the precursor CuCl in the presence of triphenylphosphine (PPh~3~). **1** and **2** were characterized using various spectroscopic tools, elemental analysis, and TD-DFT analysis. Preliminary studies of binding complexes **1** and **2** with CT-DNA were carried out adopting UV-visible, fluorescence, and circular dichroism techniques. Later, DNA cleavage experiments were carried out to have a mechanistic insight into the binding mode of the complexes **1** with DNA. Subsequently, the complex **1** was tested against HepG2 human hepatocarcinoma cell to find its cytotoxic property.

Results and Discussion
======================

Synthesis and Characterization
------------------------------

The mixed-ligand copper(I) complexes were prepared by reacting CuCl in acetonitrile or methanol/acetonitrile solutions with the ligands L~A~ or L~B~ and triphenylphosphine, in the equimolar stoichiometric ratio at room temperature (see [Fig. 1](#f1){ref-type="fig"}). Both the complexes **1** and **2** were isolated in good yields of \~60% as white crystalline powders. Despite several attempts, we failed to isolate single crystals suitable for X-ray diffraction. However, the positive electrospray mass spectra (ESI MS, +ve), FT-IR and NMR spectra were in close agreement by the proposed structures (see experimental section and for more detail see [Figures S1--S8](#S1){ref-type="supplementary-material"} in [Supplementary Information](#S1){ref-type="supplementary-material"}). The purity of the complexes was confirmed by elemental analyses. They are stable in air as well as in solution phases for 72 h.

The FTIR spectra of the complexes **1** and **2** showed the presence of all characteristic peaks. The intense signal around 1715 cm^−1^ for **1** and 1706 cm^−1^ for **2** marks the presence of carboxylate moiety associated with asymmetric COO^−^ modes. The spectra showed shift in the C = N aromatic peaks of the pyrazolyl ring of the ligands and appears at around 1559 and 1558 cm^−1^ for **1** and **2**, respectively, which ascertain the coordination of the nitrogen to the Cu centre. Furthermore the sharp peak at 1093 cm^−1^ marks the presence of coordinated PPh~3~ auxiliary ligand in both the complexes **1** and **2.**

Both complexes were characterized by ^1^HNMR and ^31^P NMR in CD~3~OD-d~4~ solvent. ^1^HNMR of the complexes **1** and **2** exhibited signals for aliphatic as well as aromatic protons in accordance with the proposed structures. The resonances for the aromatic rings of the ligand were observed in the range 8.04--6.24 ppm. The shifts in the signals 8.01, 7.45, 6.62 ppm for 1 and 8.04, 7.61, 7.42, and 6.82 ppm for 2, are ascribed to the aromatic benzene ring of the ligand. The peak for pyrazolyl CH appeared at 6.24 and 6.27 ppm, for **1** and **2**, respectively. The resonances of the methyl groups of pyrazolyl moieties exhibited in the range of 2.61--2.60 and 2.13--2.06 as singlets in both complexes. ^31^P NMR of the complexes **1** and **2** gave rise to signals at +3.96 and +4.58 ppm which confirms the PPh~3~ is coordination with the metal centre. ESI-MS (positive) was done in the solution which gave the peak at 649.3 assigned to \[C~36~H~35~CuN~4~O~2~P\]^+^- 1 H^+^ at 100% relative intensity. Thus, all characterization studies corroborate well with proposed structure of the complexes **1** and **2**.

To get an insight into the electronic structure of the complexes, we carried out B3LYP/DFT studies.

Computational Chemistry
-----------------------

### The Ground State Structures by DFT Calculation

Density functional theory (DFT) calculations were accomplished to investigate the electronic structure and geometrical parameters, as the crystal structure of complexes **1** and **2** have not been obtained. The optimized structures of complexes **1** and **2** at ground state are depicted in [Fig. 2](#f2){ref-type="fig"}. The geometrical parameters *viz.* calculated bond lengths, bond angles and atomic coordinates of the optimized structure of complexes **1** and **2** are given in [Tables S1--S4](#S1){ref-type="supplementary-material"}. The calculated geometrical parameters are in rational agreement with the previously reported single crystal X-ray data in different papers[@b48][@b49]. The vibrational and electronic absorption spectra have also been simulated to validate the proposed structure of complexes **1** and **2** ([Figs 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}). The calculated frequencies were found within the range, as shown in [Table 1](#t1){ref-type="table"}. Slight variation has been observed in simulated vibrational spectra because experimental values contained both harmonic and anharmonic vibrational frequencies while the calculated values depicted only harmonic vibrations, but the pattern of spectra was quite similar in both the cases which validate the proposed structure.

The structure of complexes **1** and **2** in the gas phase was determined to be metal centered complexes with distorted tetrahedral geometry, in which the 3d[@b10] copper (I) center is surrounded by two nitrogen atoms of the ligand, one phosphorous atom of PPh~3~ and one chlorine atom. An exhaustive analysis of the highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of the Cu(I) based complexes is listed in [Table S5](#S1){ref-type="supplementary-material"}. In the complexes **1** and **2**, there are five HOMOs (HOMO to HOMO -- 4) predominantly 3d orbitals of the copper (I) ion, but significant contributions from the phosphine ligands also are evident. The LUMO is almost entirely made up of atomic orbitals of the scorpionate ligand while LUMO−1 to LUMO-3 from the PPh~3~ moiety, as shown in [Figs 5](#f5){ref-type="fig"} and [6](#f6){ref-type="fig"}.

Furthermore, the B3LYP/TDDFT calculations were performed on complexes **1** and **2** to simulate the UV-Vis spectra to validate the tentative spectral assignment. The absorption bands exhibited by MLCT transitions are in the range of 400--600 nm, that is excitation from the highest occupied Cu 3d orbitals to the lowest unoccupied scorpionate ligand π\* orbitals. This peak relates to the lowest-energy excitation, which displays strong HOMO to LUMO character. The simulated spectra shifted towards the longer wavelength which could be due to the basis set discrepancies.

DNA Binding Studies
-------------------

### Uv-Vis Absorption Titration

Electronic absorption spectroscopy has been effectively used for decades to study the mode and extent of interaction of potential drug molecules with DNA[@b50][@b51][@b52][@b53]. The spectral behavior of **1** and **2** (in 95:5, H~2~O: DMSO solution) was studied in the absence and presence of CT-DNA (in 5 mM Tris-HCl/50 mM NaCl buffer, pH 7.4). The spectra are depicted in [Fig. 7a,b](#f7){ref-type="fig"}.

Upon gradual addition of CT-DNA to the solutions of complexes **1** and **2,** a "hyperchromism" was observed, with an evident red-shift of 2--4 nm. This suggests an electrostatic mode of interaction with groove binding affinity. The binding strengths of **1** and **2** were quantified from the values of intrinsic binding constant K~b~, determined by using Wolfe--Shimer equation[@b54]. The K~b~ values were found to be 4.21 × 10^4^ M^−1^ and 1.37 × 10^4^ for **1** and **2**, respectively.

### Ethidium Bromide Displacement Assay

We carried out competitive binding studies by using ethidium bromide (EthBr). This assay differentiates between intercalator and non-intercalator[@b50][@b51]. The DNA-EthBr (λ~em~ = 590 nm) emission spectrum was taken as control. As such, EthBr alone is weakly emissive, but when it is bound to DNA, it becomes highly emissive. Binding of EthBr with DNA in a stoichiometric ratio and then treating it with the tested molecule give rise to a change in fluorescence intensity. A significant decrease in emission intensity of DNA-EthBr suggests a displacement of EthBr molecule, which is the characteristic feature of an intercalator. The emission spectra of EthBr-DNA in the absence and presence of **1** and **2** are shown in [Fig. 8a,b](#f8){ref-type="fig"}. The spectra clearly reveal intercalating ability of both **1** and **2**, by depleting EthBr from the bound EthBr-DNA and quenching the fluorescence intensity significantly. Despite the fact that our copper(I) complexes do not have a perfect planar geometry, the aromatic rings of the phosphine moiety seem to play a significant role in the intercalation. In fact, the extent of quenching is quite substantial. However, non-intercalative interactions cannot be ruled out completely.

The quenching strength of the complexes **1** and **2** for EthBr-DNA was calculated by using the Stern- Volmer equation.

where "F~o~" and "F" are the fluorescence intensities in the absence and presence of the complex, respectively. "K~q~" is the quenching constant and \[Q\] is the concentration of the complex. The slope of the ratio F~o~/F vs. \[Q\] plot gives the value of "K~q~". The K~q~ values obtained for complexes **1** and **2** are 8.7 × 10^5^ and 4.8 × 10^5^ M^−1^, respectively. Moreover, the apparent binding constants (K~app~) were calculated using the Eqn. below:

where "K~EthBr~" (1.0 × 10^7^ M^−1^) is the binding constant of EthBr with DNA, \[EB\] is the concentration of EthBr (10 μM) and "\[complex\]" is the concentration of the complex at which the intensity of EthBr-DNA is reduced. The values of K~app~ were found to be 10.0 × 10^5^ M^−1^ and 3.3 × 10^5^ M^−1^ for **1** and **2**, respectively. These findings are in agreement with the results and conclusions of the absorption spectral studies.

### Circular Dichroism

Since circular dichroism (CD) is a technique highly sensitive to changes in the conformation of the chiral structure of DNA[@b52][@b55], it can be used to study the subtle variations upon its interaction with small molecules[@b56][@b57][@b58][@b59]. The CD spectrum of CT-DNA exhibits a positive band at 275 nm (UV, λ~max~ = 260 nm) caused by base stacking between the compounds and DNA, and a negative band at 245 nm caused by helicity, which is characteristic of DNA in right-handed B form. Intercalation enhances the intensity of both positive and negative bands, whereas groove binding and electrostatic interactions of complexes cause less or no perturbation on the base stacking and helicity bands.

The spectrum of CT-DNA with complex **2** displayed a slight change in the conformation, which can be attributed to groove binding affinity along with electrostatic interactions ([Fig. 9a](#f9){ref-type="fig"}) whereas, for complex **1** the CD spectrum displayed an increase in ellipticity on both ends, i.e., 275 nm as well as 245 nm, which is indicative of intercalation. Therefore, the complex **1** is a better potential candidate to penetrate into the helical structure of the DNA, leading to a significant perturbation in the DNA structure ([Fig. 9b](#f9){ref-type="fig"}). However, the extent of intercalation is not very great, as still the conical B-form of the DNA is maintained, and thus a partial intercalative mode of action of **1** with DNA can be proposed.

### Gel Mobility Assay

The DNA cleavage activity of complex **1** was analyzed by monitoring the electrophoretic pattern of pBR322 DNA alone and upon treatment with increasing concentrations of the complex (5--25 μM) (see [Fig. 10a](#f10){ref-type="fig"}). The changes observed in the electrophoretic mobility pattern of pBR322 DNA, as a result of interactions with **1**, are quite evident. The appearance of new bands is attributed to DNA-complex interaction. The fast migrating band is the form I (supercoiled DNA), evident as a prominent band in control, whereas the slow moving band is form II (nicked form of DNA)[@b59][@b60]. In such type of complexes, coordinative type of bonding between the metal centre and DNA is less likely because of the favorable Cu(I) (soft acid) and soft donor ligand viz, -P and --S, and this coordination requires binding with N-donor (hard donor ligand)[@b61]. Intercalation and/or inter-strand cross-linking cannot be totally excluded, due to the presence of the band located around the well of the gel. This band can be marked as the complex-DNA adduct formation, which has increased the molecular weight, and the adduct is unable to take part in electrophoretic mobility as compared to the control. However, the mobility pattern revealed the concentration-dependent cleavage activity of the complex.

To probe into the potential mechanism, we investigated the effect of reactive oxygen species (ROS) on the cleavage pattern of pBR322 DNA, upon interaction with complex **1** (see [Fig. 10b](#f10){ref-type="fig"})[@b62][@b63]. Thus, we treated pBR322 DNA and complex **1** (10 μM) with hydroxyl radical scavengers (lane 1, DMSO and lane 2, EtOH), singlet oxygen quencher (NaN~3~, lane 3) and superoxide oxygen scavenger (SOD, lane 4), under identical conditions as above. In all the cases (lanes1--4), the inhibitory effect is significantly evident, which means the presence of all the ROS (^•^OH, ^1^O~2~, O~2~^--^) as responsible for the cleavage, but it does not diminish the effect of inter-cross linking and/or intercalative effect on cleavage of DNA. Thus, hydrolytic as well as oxidative mechanistic pathways can play a significant role in the cleavage pattern.

To obtain further insight into the binding site of the complex **1** with DNA, we studied the mobility in the presence of recognition elements such as methyl green (major groove binder) and distamycin, 4′,6-Diamidino-2-phenylindole "DAPI" (minor groove binder)[@b63][@b64][@b65]. The pattern exhibited higher affinity towards the minor grooves of DNA, as in this case the cleavage is significantly inhibited (lanes 1 and 3), whereas in the presence of the major groove binder the cleavage is not entirely inhibited (lane 2) ([Fig. 11](#f11){ref-type="fig"}). This further strengthens our hypothesis of intercalative and/or inter-cross linking property of complex **1** with DNA.

Molecular Modeling Studies
--------------------------

### Molecular docking with DNA

The docked model ([Fig. 12](#f12){ref-type="fig"}) revealed that complexes **1** and **2** were tailored tightly into the curved contour of the targeted DNA minor groove within G--C rich region, and scorpionate ligand moiety slightly twisted the interior hydrophobic surface of DNA in such a way that planar part of the aromatic rings made favourable stacking interactions between DNA base pairs and produced Van der Waals interaction and hydrophobic contacts with the DNA functional groups which would define the stability of groove, detailed description of which is given in [Table 2](#t2){ref-type="table"}.

The resulting relative total energy of docked structures were found to be −259.55 and −247.68 eV, indicating the greater binding affinity between DNA and complex **1** as compare to complex **2**, correlating well with the experimental DNA binding studies and minor groove binder using DAPI assay for **1**.

### Molecular docking with Human--DNA--Topo--I

In order to determine the mechanistic basis for the inhibitory action and to obtain accurate binding mode of the hits on Topo--I, the complexes **1** and **2** were studied. The resulting docked models exhibited a dual mode of binding on Topo--I due to conformation changes (viz, structural flexibility) of the interacting scorpionate moiety as well as anionic copper(I) coordinates chlorine atom. [Figure 13](#f13){ref-type="fig"} shows aromatic rings of complex **1** approaching the DNA cleavage site in the Topo--I--DNA complex and forming a stable complex through π--π stacking interactions between the purine ring of G11 (+1) and pyrimidine ring of T10 (−1) in the minor groove on the scissile strand and C112 and A113 on the non--scissile strand, parallel to the plane of base pairs.

The carboxylic hydrogen atom of the complex **1** was H--bonded to Leu 721, which is considered an essential amino acid that interacts with the ligand in the DNA--Topo--I active site, whereas aromatic rings facing perpendicularly to the plane of base pairs which strongly block the rewinding step of the phosphoester. Furthermore, DNA-intercalating forces were much more important than hydrogen bonding of the ligand to the surrounding amino acid residues of the protein, or to the base pairs. Our molecular docking study proved the importance of DNA intercalating ability of **1** and **2** as well as H--bond and π--π stacking hydrophobic interaction with the enzyme in the cleavage site viz, non-covalent interaction listed in [Table 3](#t3){ref-type="table"}. This result suggests that blocking the religation of the G11 hydroxyl group could be the main design point for novel Topo--I inhibitors. The resulting binding energy of minimum energy-docked structure was found to be −305.65 and −292.16 eV, respectively, revealing the potent greater binding affinity between Human--DNA--Topo--I and complex **1** as compared to complex **2**, The model studies are suggestive of potential basis for conceivable design of novel anticancer drugs targeting active site of Topo--I.

### Molecular docking with Human--DNA--Topo--II

To study the molecular basis of interaction and to rationalize the observed enzymatic activity, molecular docking studies of complexes **1** and **2** with the ATP-binding domain of human Topo-IIα (PDB ID: 1ZXM) were carried out. The docking models showed that complexes **1** and **2** were approaching the middle of ATP-binding pocket and stabilized by strong hydrophobic interactions with His130, Pro126, Val137, Arg98, Leu140 and Met135, Trp194, and Ala201 for **1** and **2**, respectively ([Fig. 14](#f14){ref-type="fig"} and [Table 4](#t4){ref-type="table"}). These multiple interactions between complexes and the residues in the ATPase domain and the magnesium ion suggest that the metal complexes can form a strong binding interaction with Topo II, preventing the entry of ATP. The resulting binding energy of docked complexes **1** and **2** with DNA binding site of topoisomerase II were found to be −273.01 and −176.35 eV, indicating greater affinity of complex **1** towards the ATP pocket.

*In Vitro* Anticancer Studies
-----------------------------

### MTT assay

The cytotoxic effect of complexes **1** and **2** was examined on cultured HepG2 liver carcinoma cells by exposing cells for 24 h to the medium containing the complexes each at 1--10 μM concentrations. The complexes inhibited the growth of the liver cancer cells in a dose-dependent manner. The results were determined according to the dose values of exposure of the complex required to reduce survival of the cells to 50% (IC~50~). The IC~50~ values are given in [Table 5](#t5){ref-type="table"}. The complex **1** showed effective cytotoxic activity against the liver cancer cell compared to the standard drug, Cisplatin.

### Hoechst staining

After treatment with the IC~50~ concentration of the complex **1** for 24 h, the cells were observed for cytological changes adopting Hoechst 33258 staining. The observations revealed that the complex **1** brought about marginalization and/or fragmentation of chromatin, bi-nucleation, cytoplasmic vacuolation, nuclear swelling, membrane blebbing and late apoptosis indication of dot-like chromatin and condensation in the HepG2 cells ([Fig. 15](#f15){ref-type="fig"}). These cytological changes indicate that the cells were committed to a specific mode of cell death, either apoptosis or necrosis.

### Acridine Orange/Ethidium Bromide Staining

To confirm the mode of cell death, we adopted acridine orange and ethidium bromide (AO and EB) staining. Observation of AO-EB stained cells in a fluorescent microscope revealed apoptosis greatly, but also necrosis to a certain extent, from the perspective of fluorescence emission. After HepG2 cells had been exposed to IC~50~ concentration of the complex **1** for 24 h, the cells were assigned to four types, according to the fluorescence emission and the morphological features of chromatin condensation in the stained nuclei ([Fig. 16)](#f16){ref-type="fig"}; (i) viable cells had uniformly green fluorescing nuclei with a highly organized structure; (ii) early apoptotic cells had green fluorescing nuclei, but the perinuclear chromatin condensation was visible as bright green patches or fragments; (iii) late apoptotic cells had orange--red fluorescing nuclei with condensed or fragmented chromatin; and (iv) necrotic cells had uniformly orange--red fluorescing nuclei with no indication of chromatin fragmentation, and the cells were swollen to large size. The results suggested that treatment with the complex **1** caused death of HepG2 cells through mostly apoptosis.

Conclusion
==========

Two novel mixed-ligand copper(I) complexes \[CuCl(PPh~3~)(L)\] containing scorpionate-like ligands (**1**: L = 4-carboxyphenyl)bis(3,5-dimethylpyrazolyl)methane; **2** L = 3-carboxyphenyl)bis(3,5-dimethylpyrazolyl)methane) and PPh~3~ have been synthesised and characterized by using various spectroscopic and analytical methods. The structures of the copper complexes were ascertained by computational method (B3LYP/DFT). *In vitro* DNA binding studies have been performed using various biophysical techniques viz, absorption, fluorescence, and circular dichroism techniques, to envisage their binding site and binding strength; the experimental results revealed significant binding affinity of both complexes **1** and **2** with selective preferentiality of the complex **1** via electrostatic and/or covalent mode. However, the intercalative mode of interaction was also not completely ruled out. We analyzed the electrophoretic pattern of pBR322 DNA upon interaction with **1,** which gives concentration dependent cleavage pattern. The mechanistic study of DNA cleavage with complex **1** is suggestive of hydrolytic as well as oxidative pathways. Also, complex **1** exhibited preferential selectivity towards minor groove of the DNA. These results fortify our idea of intercalative and/or inter-cross linking nature of **1** with DNA. Then molecular modeling studies were carried out to justify our hypothesis of DNA binding affinity of the complex **1**, which corroborated well with above experimental findings. The docking studies of **1** with DNA-topo I and DNA-topo II were analyzed to know the potential of **1** to act as an enzyme inhibitor particularly topo I and topo II. Our results ascertained the potential of **1** to act as topo I inhibitor by blocking the relegation of G11 -OH group and topo II inhibitor by preventing the entry of ATP. Complex **1** was tested against HepG2 human hepatocarcinoma cell line for anticancer activity. *In vitro* cytotoxicity study strongly suggests that complex **1** would bind DNA-Topo complex in a specific mode so as to damage the DNA and/or perturb the replication of DNA and, thus, kill the cancer cells in general and hepatocarcinoma cells in particular. Further studies are required to strongly recommend the preclinical study of complex **1** as a cancer chemotherapeutic.

Experimental Section
====================

Materials
---------

3,5-dimethylpyrazole, CuCl, agarose, ascorbic acid, sodium azide (NaN~3~), DMSO, superoxide dismutase (SOD), methyl green, Tris(hydroxymethyl)aminomethane, disodium salt of calf thymus DNA (highly polymerized, stored at 4 °C), 4,6-diamino-phenylindole (DAPI), (Sigma-Aldrich), COCl~2~ (Fluka), H~2~O~2~ (Merck) and pBR322 supercoiled plasmid DNA (Genei) were used as received. The ligands L~A~ and L~**B**~ were prepared by the procedure adopted by Carrano *et al*.[@b48][@b49].

Methods and Instrumentation
---------------------------

Microanalyses (C, H, and N) were carried out with a Carlo Erba Analyzer Model 1108. Molar conductance was measured at room temperature on a Eutech CON 510 conductivity bridge. IR spectra were recorded from 4000 to 100 cm^−1^ with a Perkin-Elmer System 2000 FT-IR instrument. Positive electrospray mass spectra were obtained with a Series 1100 MSI detector HP spectrometer, using MeOH as the mobile phase. Solutions for electrospray ionization mass spectrometry (ESI-MS) were prepared using reagent-grade methanol and the obtained data (masses and intensities) were compared with those calculated by using the IsoPro isotopic abundance simulator, version 2.1. Elemental analyses (C, H, N) were performed with a Fisons Instruments 1108 CHNS-O elemental analyzer. Electronic spectra were recorded on UV-1700 PharmaSpec UV-vis spectrophotometer (Shimadzu). Emission spectra were determined with a Hitachi F-2500 fluorescence spectrophotometer. ^1^H NMR was recorded on Mercury-400BB and ^13^C NMR was recorded on Bruker Avance II 400 NMR spectrometer at 25 °C. Cleavage experiments were performed with the help of Axygen electrophorEsis supported by Genei power supply with a potential range of 50--500 Volts, visualized and photographed by Vilber-INFINITY gel documentation system.

The density functional theory (DFT) calculations were done with the ORCA computational programme[@b66][@b67]. The geometry optimizations were carried out by hybrid B3LYP functional using the Ahlrichs def2--TZVP basis set for metals and def2--SVP basis set for C, H, O, N atoms[@b68][@b69][@b70][@b71][@b72][@b73][@b74][@b75][@b76]. The optimized structures were further recalculated using def2--TZVP basis set for all atoms. To accelerate the calculations we utilized the resolution of identity approximation with the decontracted auxiliary def2--TZV/J Coulomb fitting basis sets and the chain--of--spheres approximation to exact exchange as implemented in ORCA[@b74][@b77].

The molecular docking studies have been performed by using Hex 8.0.0[@b78]. All rotatable bonds within the ligand were allowed to rotate freely, and receptor was considered rigid. The crystal structure of the B--DNA dodecamer d(CGCGAATTCGCG)~2~ (PDB ID: 1BNA), human-DNA-Topo-I (PDB ID: 1SC7) and human Topo-IIα (PDB ID: 1ZXM) were retrieved from the protein data bank (<http://www.rcsb.org./pdb>). Visualization of minimum energy favorable docked poses has been performed using Discovery Studio 4.1 and PyMol[@b79][@b80].

DNA binding experiments that included spectral absorption studies, and fluorescence, conformed to the standard methods[@b50][@b54][@b81] and practices previously adopted by our laboratory[@b82][@b83]. Standard error limits were estimated using all data points. Circular dichroic spectra of DNA were obtained by using Circular Dichroism (CD) Spectrometer with Stop Flow-*Applied PhotoPhysicsChirascan*. All experiments were done using 200 μL quartz cell. Each CD spectrum was collected after averaging over at least 3 accumulations using a scan speed of 100 nm min^−1^ and a 5 s response time. Machine plus cuvette baselines were subtracted, and the resultant spectra zeroed outside the absorption bands.

*In vitro* anticancer experiments were carried out by standard protocol with slight modification as reported by us[@b63].

Synthesis of\[CuCl(PPh~3~) (L~A~)\]
-----------------------------------

A solution containing CuCl (0.099 g, 1.0 mmol), PPh~3~ (0.262 g, 1.0 mmol) in 5 mL of CH~3~CN was stirred when warmed for 1 h. Then the ligand (L~A~) (0.324 g, 1 mmol) in 10 mL of CH~3~OH was added and allowed stirred for 4 h, at an ambient temperature. The resulting solution was kept for slow evaporation. A colorless crystalline precipitate appeared after 2 days. Yield: (0.195 g, 62%). M.p.192 °C. Anal. Calc. for C~36~H~35~CuN~4~O~2~PCl: C, 63.06; H, 5.10; N, 8.17. Found: C, 62.56; H, 5.08; N, 7.89%.IR (cm^−1^): 2957, 2918, 1716, 1559, 1434, 1425, 1385, 1250, 1109, 1093, 860, 791, 745, 691, 518, 490, 431, 402. ^1^H NMR (CD~3~OD, δ, 293 K): 8.01 (s, 1 H), 7.45 (d, 2 H, ^3^*J*^H-H^ = 8.0 Hz), 7.45, 7.38, and 7.16 (m, 15 H, PC~18~H~15~), 6.62 (d, 1 H, ^3^*J*^H-H^ = 8.1 Hz), 6.24 (s, 2 H, PzCH), 2.61 (s, 6 H, CH~3~Pz), 2.06 (s, 6 H, CH~3~ Pz). ^31^P NMR (CD~3~OD, δ, 293 K): 3.96. ESI-MS {in MeOH, +ve} (obsd (calcd), rel. Intens., assignments): 649.3 (650.2), 100, \[C~36~H~35~CuN~4~O~2~P\]^+^− 1 H^+^.

Synthesis of\[CuCl(PPh~3~) (L~B~)\]
-----------------------------------

A solution containing CuCl (0.099 g, 1.0 mmol), PPh~3~ (0.262 g, 1.0 mmol) in 5 mL of CH~3~CN was stirred with warming for 1 h. Then the ligand (L~B~) (0.324 g, 1 mmol) in 10 mL of CH~3~OH was added and stirred for 4 h, at the ambient temperature. The resulting solution was kept for slow evaporation. A colorless crystalline precipitate appeared after 4 days. Yield: (0.182 g, 58%). M.p.235 °C. Anal. Calc. for C~36~H~35~CuN~4~O~2~PCl + H~2~O: C, 61.45; H, 5.26; N, 7.96. Found: C, 61.42; H, 4.95; N, 8.36%.IR (cm^−1^): 3047, 2916, 1706, 1558, 1433, 1383, 1221, 1182, 1094, 859, 780, 741, 692, 516, 491, 436, 414. ^1^H NMR (CD~3~OD, δ, 293 K): 8.04 (s, 1 H), 7.61 (d, 1 H, ^3^*J*^H-H^ = 6.8 Hz),7.51, 7.49, 7.29 (m, 15 H, PC~18~H~1′5~), 7.42 (s, 1 H), 6.82 (d, 1 H, ^3^*J*^H-H^ = 7.2 Hz), 6.27 (s, 2 H, PzCH), 2.60 (s, 6 H, CH~3~Pz), 2.13 (s, 6 H, CH~3~ Pz).^31^P NMR (CD~3~OD, δ, 293 K): 4.58. ESI-MS {in MeOH, +ve} (obsd (calcd), rel. Intens., assignments): 649.3 (650.2), 100, \[C~36~H~35~CuN~4~O~2~P\]^+^- 1 H^+^.

Anticancer Activity Studies
---------------------------

### MTT assay

The complex **1** (STR2) was dissolved in minimum quantity of DMSO, diluted in culture medium and used to treat HepG2 hepatocellular carcinoma cells, in 96 well culture plates, at a concentration of the complex ranging from 1 to 10 μM for a period of 24 h. Cisplatin was used as the reference drug, and DMSO was used as the solvent control. A miniaturized viability assay using 3-(4,5-di-methyithiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was carried out according to the method described by Mosman (1983). The cells were assayed by the addition of 20 μL of the MTT solution (5 βmg mL-1) prepared in phosphate-buffered saline (PBS). The plates were wrapped in aluminum foil and incubated for 4 h at 37 °C. The purple formazan product was dissolved by the addition of 100 μL of 100% DMSO to each well. The absorbance was monitored at 570 nm (measurement) and 630 nm (reference) using a 96 well plate reader (Bio-Rad, Hercules, CA, USA). Data were collected for triplicates and used to calculate the respective means. The percentage inhibition was calculated from this data using the formula:

The IC~50~ value was determined as the concentration of the complex/cisplatin that is required to decrease the absorbance to half that of the control.

### Hoechst 33258 staining

The HepG2 cells were seeded in 6-well plates and allowed to reach 80% confluence. The cells were then treated with the IC~50~ concentration of complex **1** and incubated for 24 h. The cells were trypsinized and pelleted and then suspended in PBS. The suspension of HepG2 was also stained with Hoechst 33258 (Sigma Chemical Co., St. Louis, MO, USA) and incubated at 37 °C for 15 min. At random, 300 cells were observed in the fluorescent microscope at x400 magnification and the percentage of cells reflecting pathological changes was calculated.

### Acridine orange (AO) and ethidium bromide (EB) staining

A drop of cells in suspension from the previous section was placed on a glass slide and stained with AO and EB (1% in PBS, separately; mixed in 1: 1 ratio) (Sigma Chemical Co., St. Louis, MO, USA), and a cover slip was placed over it to reduce light diffraction. At random, 300 cells were observed in a fluorescent microscope (Carl Zeiss, Jena, Germany) fitted with a 377--355 nm filter and examined at x400 magnification. The percentage of cells reflecting pathological changes was calculated.
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###### Some selected experimental and calculated wavenumbers of complexes **1** and **2.**

  Vibrational Band                        Complex 1   Complex 1   Complex 2   Complex 2
  -------------------------------------- ----------- ----------- ----------- -----------
  v(O-H) stretching                         3047        3079        3097        3109
  v(Ar-CH) stretching                       2916        2934        2957        2994
  v(-CH~3~) symmetrical stretching          2829        2824        2918        2965
  v(C = O) symmetrical stretching           1706        1707        1715        1729
  v(C-O-H) anti-symmetrical stretching      1383        1359        1385        1375
  v(C-N) stretching                         1251        1263        1250        1264

###### Non-covalent interactions of complexes **1** and **2** with the DNA.

              Name               Distance (Å)     Category           Type
  ----------------------------- -------------- --------------- ----------------
   A:DG12:OP1 - :Complex **1**       4.65       Electrostatic      Pi-Anion
     B:DG16 - :Complex **1**         5.23        Hydrophobic    Pi-Pi Stacked
     B:DG14 - :Complex **1**         4.82        Hydrophobic    Pi-Pi T-shaped
     A:DG10 - :Complex **1**         4.53        Hydrophobic       Pi-Alkyl
     A:DC11- : Complex **1**         4.43         Pi-Alkyl     
    B:DC15 - : Complex **1**         3.65         Pi-Alkyl     
    B:DG16 - : Complex **1**         3.08         Pi-Alkyl     
    B:DG16 - : Complex **1**         4.67         Pi-Alkyl     
    B:DG16 - : Complex **1**         3.58         Pi-Alkyl     
   B:DC23:OP1 - :Complex **2**       3.52       Electrostatic      Pi-Anion
     B:DC21 - :Complex **2**         5.28        Hydrophobic       Pi-Alkyl
    B:DG22 - : Complex **2**         4.64         Pi-Alkyl     
    B:DG22 - : Complex **2**         4.38         Pi-Alkyl     
    B:DG16 - : Complex **2**         3.58         Pi-Alkyl     
    B:DC23 - : Complex **2**         4.63         Pi-Alkyl     

###### Non-covalent interactions of complexes **1** and **2** with the Human--DNA--Topo--I.

               Name                Distance (Å)     Category           Type
  ------------------------------- -------------- --------------- ----------------
   D:Complex **1**:H - B:DT10:O2       2.89       Hydrogen Bond    Conventional
     B:DT10 - D: Complex **1**         4.26                       Pi-Pi T-shaped
     C:DG12 - D: Complex **1**         4.96                       Pi-Pi T-shaped
    D:DA113 - D: Complex **1**         5.20                       Pi-Pi T-shaped
   D:Complex **1**:C - A:LEU721        5.43                           Alkyl
    B:DT10 - D: Complex **1**:C        5.48        Hydrophobic       Pi-Alkyl
    C:DG12 - D: Complex **1**:C        2.70                          Pi-Alkyl
    C:DG12 - D: Complex **1**:C        5.20                          Pi-Alkyl
    C:DG12 - D: Complex **1**:C        3.16                          Pi-Alkyl
     D:DA113 - D:Complex **2**         5.58                       Pi-Pi Stacked
     C:DG12 - D: Complex **2**         4.26                       Pi-Pi T-shaped
     D: Complex **2** - C:DG12         3.93                       Pi-Pi T-shaped
    C:DG12 - D: Complex **2**:C        2.47                          Pi-Alkyl
    C:DG12 - D: Complex **2**:C        3.55        Hydrophobic       Pi-Alkyl
    C:DG12 - D: Complex **2**:C        4.72                          Pi-Alkyl
   D:DC111 - D: Complex **2**:C        5.07                          Pi-Alkyl
   D:DC112 - D: Complex **2**:C        3.68                          Pi-Alkyl
   D:DA113 - D: Complex **2**:C      4.22126                         Pi-Alkyl

###### Non-covalent interactions of complex **2** with the Topo--II.

               Name                Distance (Å)     Category           Type
  ------------------------------- -------------- --------------- ----------------
   A:ARG98:NH2 - : Complex **1**       3.75       Electrostatic     Pi-Cation
    A:HIS130 - : Complex **1**         5.20                       Pi-Pi T-shaped
      Complex 1:C - A:PRO126           3.95        Hydrophobic        Alkyl
    Complex **1**:C - A:VAL137         3.05                           Alkyl
      Complex **1** - A:ARG98          5.37                          Pi-Alkyl
     Complex **1** - A:PRO126          5.30                          Pi-Alkyl
     Complex **1** - A:LEU140          5.36                          Pi-Alkyl
    Complex **2**:C - A:MET135         3.63                           Alkyl
   A:TRP194 - : Complex **2**:C        4.95        Hydrophobic     Pi-Orbitals
    Complex **2**:C - A:MET135         5.43                        Pi-Orbitals
     Complex **2** - A:ALA201          4.49                        Pi-Orbitals

###### *In vitro* cytotoxicity assay for complexes **1**, **2** and cisplatin against HepG2 human hepatocellular carcinoma cells.

   Synthetic complex/Drug standard        IC~50~ for 24 h (μM)
  --------------------------------- --------------------------------
            Complex **1**                      3.3 ± 0.02
            Complex **2**            na[\*](#t5-fn1){ref-type="fn"}
              Cisplatin                        7.2 ± 0.04

^\*^na means not active.

![Schematic representation of the synthesis of **1** and **2**.](srep45229-f1){#f1}

![Gas phase B3LYP/DFT optimized structure of complexes **1** and **2**.](srep45229-f2){#f2}

![B3LYP/DFT simulated vibrational spectra of (**a**) complex **1** and (**b**) complex **2**.](srep45229-f3){#f3}

![B3LYP/TDDFT simulated electronic absorption spectra of complexes **1** and **2.**](srep45229-f4){#f4}

![Frontier MOs contour plots (isovalue 0.03) of complex **1** using the B3LYP/DFT method.](srep45229-f5){#f5}

![Frontier MOs contour plots (isovalue 0.03) of complex **2** using the B3LYP/DFT method.](srep45229-f6){#f6}

![Absorption spectral traces of complexes (**a**) **1** and (**b**) **2** in 95:5% H~2~O:DMSO/5 mM Tris HCl-50 mM NaCl buffer at pH 7.4 upon addition of CT DNA.](srep45229-f7){#f7}

![Emission spectra of EthBr-CTDNA in the absence and presence of compound (**a**) **1** and (**b**) **2** in 5 mMTris--HCl/50 mM NaCl buffer at pH 7.4. Arrows show the emission intensity changes upon increasing the concentration of the complexes.](srep45229-f8){#f8}

![Circular dichroism spectra of CT DNA in the absence and presence of compound (**a**) **1** and, (**b**) **2** in 5 mM Tris--HCl/50 mM NaCl buffer at pH 7.4.](srep45229-f9){#f9}

![(**a)** Electrophoretic pattern of pBR322 DNA (100 ng) with increasing concentration of complex **1** (5--25 μM) after 30 min incubation time in buffer (5 mMTris-HCl/50 mM NaCl, pH = 7.2 at 25 °C) (concentration dependent). **(b)** Cleavage pattern of pBR322 plasmid DNA (100 ng) by complex **1** (10 μM) in the presence of reactive oxygen species viz., DMSO (0.4 mM), EtOH (0.4 mM), NaN~3~ (0.4 mM) and SOD (10 U), after incubation for 30 min in the buffer (5 mM Tris-HCl/50 mM NaCl, pH = 7.2 at 25 °C.](srep45229-f10){#f10}

![Gel mobility pattern for the cleavage of pBR322 DNA (100 ng) by complex **1** (10 μM) in the presence of major/minor groove recognition element: lane 1, **1** + Distamycin + DNA; lane 2, **1** + Methyl green + DNA; Lane 3, **1** + DAPI + DNA; lane 4, DNA only, control, at 25 °C after incubation for 30 min.](srep45229-f11){#f11}

![Molecular docked model of **(i)** complex **1** and **(ii)** complex **2,** in the **(a)** cavity of minor groove of DNA **(b)** binding site interactions with hydrogen bonding donor (purple) and acceptor (green) surface of minor groove residues.](srep45229-f12){#f12}

![Molecular docked model of **(i)** complex **1** and **(ii)** complex **2,** (**a**) with human-DNA-Topo-I (70 kDa) (PDB ID: 1SC7) (**b**) Non-covalent interaction of complex **1** with the active site residues.](srep45229-f13){#f13}

![Molecular docked model of **(i) (a)** complex **1** and **(a')** complex **2** into the ATP binding pocket of human Topo-IIα (PDB ID: 1ZXM).**(ii) (b)** complex **1** and **(b')** complex **2**, the non-covalent interaction with the Topo IIα.](srep45229-f14){#f14}

![(**A**) Hoechst 33258 staining of the complex **1**-induced apoptosis of HepG2 cells. The graph shows the manual count of apoptotic cells as a percentage (data are mean% ± SD% of three experiments). (**B**) Representative morphological changes observed in HepG2 cells treated with **1** (STR2) adopting Hoechst 33258 staining.](srep45229-f15){#f15}

![AO/EB staining of the complex **1**-induced apoptosis of HepG2 cells. The graph shows the manual count of apoptotic cells as a percentage (data are mean% ± SD% of three experiments). (**B**) Representative morphological changes observed in HepG2 cells treated with **1** by dopting AO/EB staining.](srep45229-f16){#f16}
